An extreme value analysis (EVA) point process approach has been implemented to examine the flood characteristics of Puerto Rico when tropical cyclones (TCs) are present in the discharge series and when they are removed from it. Mean daily discharge values that exceeded the 99th percentile thresholds were used in both the TC and non-TC data series. In nine of the 12 stations the maximum discharge was associated with a TC, with hurricanes Hortense (1996), Georges (1998) and Eloise (1975) responsible for most of the maximum peaks at each site. Percentage changes in the generalized extreme value parameters, which include location (central tendency), scale (variance) and shape (skewness), between the TC and non-TC data exhibited a decrease in the majority of stations. Stations in the eastern interior and central region of the island showed the largest decrease in all parameters, in flood occurrences and in return periods when TCs were removed from the series.
Introduction
The island of Puerto Rico is known to experience extreme floods associated with heavy rainfall from the passage of tropical cyclones (TCs), which are intense low-pressure systems that develop in the tropics and can bring strong winds, extreme precipitation and lead to flash floods in countries in their path. As a tropical island, Puerto Rico receives a lot of precipitation, especially in the north and central regions of the island, where rainfall can range from 3000 to 4300 mm annually (Picó 1974) . Orographic influences cause rainfall to be unevenly distributed across the island, with the northern region experiencing more rainfall through the year than the southern region (Colon 2008) . This variability of rainfall over space and time causes different hydrological responses to extreme precipitation events in the island. The flood hydrology of Puerto Rico is of concern and interest because of the high frequency of extreme unit discharge flood peaks relative to other locations in the USA (O'Connor and Costa 2004) . During the hurricane season months (June-November) TCs play an important role in the flood hydrology of extreme events on the island (Scatena and Larsen 1991 , Larsen and Simon 1993 , Larsen and Torres-Sanchez 1998 .
The TCs that impact the east Caribbean, where Puerto Rico is located, tend to develop in the mid hurricane season, with August and September being the months with the higher frequency of events (Elsner and Kara 1999) . It is well known that Atlantic basin TCs that impact the island of Puerto Rico are affected by atmospheric-oceanic oscillations such as the El Niño Southern Oscillation (ENSO) and the Atlantic Multi-decadal Oscillation (AMO). The ENSO has been found to affect rainfall in the Caribbean since it causes shifts in wind direction (dominant westerlies during El Niño and dominant easterlies during La Niña) and a weakening of the dominant trade winds, which also influence tropical cyclone development (Gray 1984 , Poveda et al. 2006 . The AMO has been found to influence rainfall variability in North America and it has been associated with changes in the frequency of droughts and intense hurricanes in the Atlantic sector (Knight et al. 2006 ).
Many of the record peak measurements in Puerto Rico were associated with tropical cyclones, such as Hurricane Donna in September 1960 (Barnes and Bogart 1961) , Hurricane Hortense in September 1996 (Torres-Sierra 1997) and Hurricane Georges in September 1998 (Larsen and Román 2001) . The extreme floods associated with these TCs led to devastating impacts that have translated into billions of dollars in losses. Several TCs have caused severe damage to the island of Puerto Rico over the last 50 years. Tropical storm Eloise (1975) dropped heavy precipitation over the island, with some areas in the central region receiving more than 500 mm (Colón 2009), flash floods causing 34 fatalities (Hebert 1976) and losses of US$458 million (Pielke et al. 2003) . Another major hurricane was Georges (1998), associated with strong winds, heavy rainfall and floods that led to more than US$2 billion in losses (Bennet and Mojica 1998, Pasch et al. 2001 ) Two other major hurricanes were David (1979) , with US$200 million in losses and seven fatalities in the island, and Hortense (1996) , with flooding events that caused 18 fatalities and damages of US$128 million (Hebert 1980, Pasch and Avila 1999) .
Even though some researchers have explored the hydrological response associated with tropical cyclone rainfall over the island for a few intense hurricanes, no study has looked at a climatology of TCs that includes tropical depressions and tropical storms, which can also produce extreme flood events over the island. For that reason, the main purpose of this study is to examine the statistical characteristics of extreme flood events over Puerto Rico and their relationship with tropical cyclones by implementing extreme value analysis (EVA).
Studies that looked at the relationship between TCs and floods have varied in their scope and scale, with some looking at the regional hydrological response to these events (O'Connor and Costa 2004, Villarini and Smith 2010) and others focusing on a more local scale (Waylen 1991 , Kostaschuk et al. 2009 . O'Connor and Costa (2004) examined the spatial distribution of floods in the USA and found that Puerto Rico and Hawaii together account for 32% of the observed record flows in the 99th percentile of unit discharges, although they only represent less than 5% of all observations in the study. These tropical island locations exhibit such high unit discharge characteristics, especially in their windward areas, since they are in the path of the northeasterly winds, where mountains force the moist air to rise and enhance the rainfall associated with local convective storms and tropical cyclones (Colon 2008) .
One of the main methods implemented to examine the relationship between floods and TCs is the general extreme value (GEV) distribution (Coles et al. 2001) , which allows the examination of upper tail properties of flood peaks. Morrison and Smith (2002) found that a number of flood records in central Appalachia have anomalously large values of the estimated GEV shape parameter. Recent studies of floods in the USA have implemented the use of GEV probability distributions to investigate whether TCs control the upper tail of the flood peak distribution Smith 2010, 2013) . One of these studies focused on the relationship between floods and TCs in the eastern USA, where the GEV distribution was implemented in order to compare the shape (skewness) parameter of the entire discharge series and the series without tropical cyclones. It was found that, when peaks associated with TCs are removed, there is a reduction in the shape parameter, which shows that floods associated with TCs tend to have heavier tails (Villarini and Smith 2010) . They also found that TCs had a larger influence on the upper tails of the flood distribution east of Appalachia and in coastal areas between Florida and New England. However, a more recent study of TCs and floods in Texas found that tropical cyclones tend to have a weaker influence on flood peaks when compared to the GEV shape parameter of other locations in the eastern USA (Villarini and Smith 2013) .
The main purpose of this study is to examine the relationship between extreme flood events in Puerto Rico and tropical cyclones over the island. Mean discharge data from 12 stations in 12 different drainage basins in Puerto Rico for the 1970-2010 period were used. Tropical cyclone 6-hourly track data from 86 TCs were used in order to identify the floods associated with the different storms that impacted the island during the period. Floods were defined as exceedence of the 99th percentile of the entire mean discharge series at each of the 12 stations. An extreme value analysis (EVA) point process approach was implemented to determine if TCs strongly affected the properties of the GEV distribution parameter location (central tendency), scale (variance) and shape (skewness) of the mean discharge time series for each of the 12 stations with 41 years of data. First, the point process model was fitted to the entire mean discharge data at each station and then the model was implemented again using the series with flood peaks associated with TCs removed. The GEV parameters of the entire discharge series and the series without TCs were retrieved in order to compare them and determine if there were any statistical differences between the two sets of parameters. Maps of percentage change between the GEV parameters were generated to visually compare the differences between the location, scale and shape of the entire series and the one with TCs removed. The maps also served to examine the spatial characteristics of the floods in the different stations over the island. Flood frequencies and return periods were also calculated from the GEV parameters to examine the differences between the occurrence of floods between the two series. The TCs that produce the largest floods in most of the stations were identified in order to examine the relationship between extreme floods and tropical cyclone rainfall.
Data and methods

Data
Daily mean discharge data were obtained for 12 stations with complete data (14 975 daily observations) for the time period 1970-2010 (41 years) for the island of Puerto Rico (Fig. 1) . The daily mean discharge data were obtained from the United States Geological Survey (USGS) National Water Information System and approved for analysis for all of the stations in this study (Table 1 ). The 12 stations were located in 12 different water drainage basins across the island from east to west, with areas ranging from 20.71 to 517.1 km 2 . The size of the drainage basin is an important factor when it comes to the streamflow characteristics of each station, with larger basins capturing more water from rainfall, hence having higher discharge values than smaller basins (O'Connor and Costa 2004) . This factor is relevant when it comes to defining a flood in stations covering water basins of different sizes. In the absence of a universal practical physical threshold that could be applied to all 12 stations in the different basins, this study defines a flood as a mean discharge value in the 99th percentile of the entire data distribution at each station. By implementing the statistical instead of the physical approach when defining floods over different basins, we treated each daily mean discharge series equally, since only the most extreme flood peaks (99th percentile) are examined. The scatter plots of one of the stations show the entire series of mean daily discharge and the extreme flood peaks in the 99th percentile of the flood distribution, with the flows associated with TCs highlighted (Fig. 2) . It is important to note that normalized discharge by catchment area was also investigated, yet it had very little effect on parameter estimates or changes in parameters once TCs were removed.
Six-hourly TC track data for all TCs that might have impacted the island of Puerto Rico during the 1970-2010 period were obtained from the International Best Track Archive for Climate Stewardship (IBTrACS) (Knapp and Kruk 2010) . The TC track data were entered in a geographic information system (GIS), in which a 500-km radius buffer was implemented to select the storms that could have brought significant rainfall to the island and caused floods (Fig. 3) . The same selection radius has been used by other studies that examined tropical cyclones and their associated rainfall over Puerto Rico (Boose et al. 2004, Hernández Ayala and Matyas 2016) . Flooding related to TCs was identified by associating a flood peak with a cyclone if the centre of the storm was within 500 km of the island's coast in a time frame of two days before and seven days after the passage of the TC (Villarini and Smith 2013) . The implementation of the search radius and time window allows us to capture the spatiotemporal extent of the rainfall associated with a TC, its specific characteristics (proximity of centre to land, intensity and translation speed) and the moisture environment in which the storm is embedded. In order to examine the moisture environments of the TCs, precipitable water (TPW) data were obtained from the National Center for Environmental Prediction and National Center for Atmospheric Research (NCEP/NCAR) re-analysis dataset (Kalnay et al. 1996) . The closest four cells to the island were selected to calculate an average TPW for each storm; a similar calculation was done by Hernández Ayala and Matyas (2016) to examine the relationship between moisture and tropical cyclone rainfall in Puerto Rico.
Extreme value analysis point process approach
Extreme value analysis (EVA) using a point process approach is utilized to model the statistical characteristics (central tendency, variance and skewness) of extreme flood events (99th percentile) over Puerto Rico for 12 entire daily mean discharge time series and a series in which flood peaks associated with TCs have been removed. This method combines existing approaches in the modelling of extremes, specifically the annual maximum series (AMS) and the partial duration series (PDS), also known as the peaks-overthreshold approach (POT). The AMS and PDS approaches have been used extensively in different studies looking at hydrological or climatological events above high/low thresholds (Waylen 1988 , Waylen and LeBoutillier 1989 , Waylen et al. 2012 . The point process approach has advantages over both traditional approaches of modelling extremes, as it can model the frequency and magnitude of events in a single point process rather than separately as in the POT, and it also includes all of the available extreme data above a specific threshold, and thus leads to more reliable results (Embrechts et al. 1997 , Coles et al. 2001 , Tomassini and Jacob 2009 , Keellings and Waylen 2015 . This study uses the point process approach to obtain maximum likelihood estimates of the location (central tendency), scale (variance) and shape (skewness) parameters of the limiting GEV distribution to examine the statistical characteristics of extreme floods associated with TCs over Puerto Rico. Other methods based on Bayesian estimation have been found to produce more realistic estimates when it comes to the probability of extremes; however, this study focuses on how past TCs influenced the flood distribution at different sites, so the focus is not on the probability of future floods. Therefore, the Bayesian techniques are not implemented here (Sisson et al. 2006) .
Through the point process approach, the GEV annual maximum and POT can be combined by fitting the GEV using the POT method, but still in terms of the GEV parameterization (Coles et al. 2001 , Katz et al. 2002 , Radermacher and Tomassini 2012 , Keellings and Waylen 2014 . The point process approach is formulated in terms of the limiting GEV parameters: scale μ, location σ and shape ξ, and as a result the extreme properties of the x variable are defined by those three parameters (Coles et al. 2001) . The cumulative distribution function of the GEV is given by:
The magnitude of the flood event or cluster maxima, within a POT framework, follows a generalized Pareto distribution (GPD). The cumulative distribution function of a GPD is given by (Coles et al. 2001) :
The parameters of the limiting GEV and those of the corresponding POT approach are directly related through (Davison and Smith 1990) :
These transformations are then used to define a Poisson process with rate parameter lambda (Λ) derived from the estimated scale parameter σ, shape parameter ξ and location parameter μ, and u equal to the threshold (Equation (3)). Considering N independent events exceeding a threshold, u, N~Poisson(Λ) where (Keellings and Waylen 2014) :
The first step before introducing the mean daily discharge series from the 12 stations individually into the point process model was to decluster the data. This study considered a flood to be a single event if it was separated by more than three days of below threshold (99th percentile) values. For example, a tropical cyclone could cause significant rainfall over a given area in a short time period, while having a lag in the hydrological response, which can produce abovethreshold discharge for a couple of days; if the values go below that threshold for at least three days and then exceed the threshold on the fourth day, the new values will be considered to be part of a different event. It is important to note that declustering was also done on flood events that were separated by five days of belowthreshold (99th percentile) values, and the results were similar to those with the three-day decluster. After declustering the series with TCs and the series with TCs removed, they were both introduced in the point process model.
The location, scale and shape parameters of both series were retrieved and compared to determine if TCs had an influence on the central tendency, variance and skewness of the mean daily discharge of extreme flooding events. Percentage differences between each of the GEV parameters and derived estimates of lambda for frequency of events were calculated to see if there was a reduction or an increase in their values when TCs were removed from the data. GEV-derived estimates of the 10-and 20-year return periods (i.e. the flood peaks with 5 and 10% chance of occurrence in any year) were also calculated to investigate the impact of removal of TCs. These percentage change calculations were also mapped to examine the spatial distribution of the different GEV parameters, event frequency, return period estimates, and their corresponding changes when TCs were removed from the data series. The top flood-producing TCs were identified and their characteristics in terms of rainfall, moisture and proximity to land were examined in order to explore their relationship with the extreme floods. All of the calculations in this paper were computed in R using the freely available extRemes and ismev packages (Coles et al. 2001 , see http://www.r-project.org/).
Results and discussion
Descriptive statistics
Of the 86 TCs that passed within a 500-km radius of Puerto Rico, only 51 (59%) were associated with individual flood peaks at or above the 99th percentile threshold used to identify the most extreme discharge values at all of the stations. Tropical cyclones were responsible for the maximum value of mean daily discharge in 75% of the stations ( Table 2) . As expected, larger drainage basins had higher mean discharge values than smaller basins, and for that reason the 99th percentile was useful in identifying changes from one series (TCs included) to another (TCs removed). All of the stations reflected a reduction in the mean discharge when TCs were removed from the series, yet this decrease varied from station to station, with those located in the eastern interior region of the island showing the largest percentage decreases of their means (10-14%). Similar TCs were responsible for multiple flood peaks in different stations around the island. Among the TCs responsible for most of the extreme floods we find powerful hurricanes, Georges (1998), Hortense (1996) , Hugo (1989) and David (1979) . These hurricanes were associated with heavy rainfall over the island since their centres, characterized by intense convective thunderstorm activity, were relatively close to land, and the storms were also embedded in high-moisture environments which promoted high precipitation accumulations (Hernández Ayala and Matyas 2016). Hurricanes were not the only storms responsible for the first, second and third maximum flood peaks in some of the stations; here, tropical depressions and storms Eloise (1975 ), Isabel (1985 and Jeanne (2004) also produced extreme discharge events throughout the island (Table 2) . Tropical depression Eloise dropped heavy rainfall throughout the island, with values above 500 mm in the central mountains region (Colon 2008), floods and landslides causing 34 fatalities (Hebert 1976) , and total losses of US$458 million (Pielke et al. 2003) .
Before discussing the results of the point process model it is important to identify the stations in the island that exhibited the highest percentage of flood peaks associated with TCs. Here, all of the daily mean discharge values at or above the 99th percentile threshold for each station were retrieved, and the ones associated with TCs were identified. A spatial pattern of the percentage of contribution to flood peaks by TCs is evident, with the majority of stations in the eastern interior region of the island exhibiting larger percentages than those located farther west (Fig. 4) . This is expected, since TCs move east to west around the island and tend to deposit higher rainfall amounts on the windward-facing mountains of the eastern part of 
GEV parameter estimates
Before looking at the GEV parameters product of the point process approach it is important to examine the spatial distribution of the 99th percentile, since this was the flood definition for all stations in this study. Removing TCs from the data series resulted in a reduction of the 99th percentile threshold which ranged from 1.6 to 24.7%. The stations with the largest reduction (−11 to −24.7%) are located in the eastern interior of the island, which shows that the basins lying mostly to the southeast are the ones where TCs tend to have the strongest influence on extreme flood peaks (Fig. 5) .
It is important to note that there are two stations in the northeast of the island that exhibit low change (1.8-7.8%), which shows once again that not all areas in the east have similar hydrological responses to the passage of TCs. A general reduction in percentage decrease of the 99th percentile threshold is evident as we move to the central and western parts of the island; these changes show that TCs have a stronger influence on extreme floods in the eastern interior and tend to decrease toward the central and western parts of the island. Point process model fits are shown for two example basins (Fig. 6) . The QQ plots for all basins exhibit good fit between the models and extreme observations. All GEV parameter estimates and 95% confidence intervals about those estimates are shown in Figure 7 . In all basins, estimates of all three GEV parameters were reduced after the removal of TCs from the series. Stations in the eastern interior and central mountains region of the island exhibited larger decreases in the GEV parameters when TCs were removed from the series. However, it should be noted that the 95% confidence intervals of the TC and non-TC GEV parameter estimates overlap in some of the stations (Fig. 7) .
Results from the point process model for the GEV location parameter reveal that all of the stations had a decrease in their mean daily discharge when the flood peaks associated with TCs were removed from the series (Fig. 8) . It is important to note that the larger drainage basins tend to have the higher location (mean) parameter values since these cover larger areas in which more tropical cyclone rainfall will tend to fall. The reduction in the location parameter varied over the island, with the largest decrease (-28%) found in the Rio La Plata near Toa Alta watershed located in the eastern interior of the island (Fig. 8(c) ) and the lowest (−6.3%) found in the westernmost drainage basin at Rio Culebrinas near Moca. The location percentage decreases for the stations in the central parts of the island show a higher variance in their values, ranging from −6.3 to −19.4%. This is expected, since this area of the island is a transitional area between the east and the west, where rainfall associated with TCs tends to exhibit higher variability. The two stations in the northeast of the island exhibit similarities to the two stations at the opposite side of the island in the northwest in their location reduction; this might be due to the fact that these locations receive lower amounts of rainfall associated with the passage of TCs when compared to other areas in the east. The stations with the largest decrease in the location parameter are in drainage basins of different sizes, which reinforces the selection of the 99th percentile as the method for identifying extreme floods across all 12 stations.
All of the stations also exhibited a decrease in the scale (variance) parameter when the flood peaks associated with TCs were removed from the series (Fig. 9) . Higher percentage decreases were found in the drainage basins located in the central and western interior of the island, which means that when TCs are part of the series the variability in mean daily discharge over those places is higher than when they are not included (Fig. 9(c) ). The scale percentage change for stations in the central part of the island had higher values (−33 to −25%), which shows once again that this region is a transitional area between the east and west, in which the rainfall associated with TCs tends to vary more (Hernández Ayala and Matyas 2017). The results for the station in Rio Añasco, located in the west with its drainage basin extending in to the western interior, show that when TCs are removed the variance in discharge values decrease by more than 32%. This confirms that TCs have a large impact on the variability of extreme floods in the central and western interior parts of the island. The scale parameter shares some similarities with the location parameter, since both identified the largest mean and variance decreases when TCs were removed from the series in stations in the eastern interior and central parts of the island; yet they also exhibit differences in the west, where the scale parameter shows a higher variance than the location parameter.
The results for the GEV shape parameter, which were found to be useful in examining the upper tail properties of the flood distribution, also exhibited some interesting changes when the entire series was compared to the one where TCs have been removed (Fig. 10) . The largest shape parameter values, associated with thicker tails in the distribution, are found in watersheds located in the central and western interior of the island, while the lowest shape parameters are found in the northwest and northeastern regions ( Fig. 10(a) ). The shape (skewness) parameter decreased in all of the stations when TCs were removed from the series ( Fig. 10(b) ). However, those changes in the upper tail properties of the flood peak distribution were different for the 12 stations: three stations in the central region of the island exhibited large reductions (−31 to −16%) in their shape parameters when TCs were removed from the series, while the three stations located in the eastern interior exhibited smaller decreases (Fig. 10(c) ). The three stations in the western part of the island exhibited high percentage decreases, while the stations in the northeast, with the exception of the easternmost station, exhibited low percentage decreases in the shape parameter when TCs were removed from the series. This means that TCs control the upper tail properties of the flood peak distribution in stations in the central and western interior regions, which reflects similarities with the patterns of the scale parameter. The GEV shape parameter has been used in other studies examining the upper tail properties of floods, e.g. in Appalachia, where Morrison and Smith (2002) found that stations east of Appalachia tend to exhibit upper tail properties that are controlled by nearby TCs impacting the region. The shape parameter was also used to examine the role of TCs by Smith (2010, 2013) , who found that TCs control the upper tail properties of flood distribution in coastal areas in the eastern USA, yet they do not seem to influence the upper tail properties of floods in Texas.
GEV lambda and return periods
The results of the lambda values that were transformed from the location, scale and shape parameters for both series suggest that TCs have a complex influence on the mean number of flood occurrences on a yearly basis in different regions of Puerto Rico. A higher mean number of flood occurrences (2.06-2.85) was found in stations within eastern and western watersheds when floods associated with TCs were included in the series (Fig. 11(a) ). However, when floods associated with TCs were removed from the series, there was a large reduction in the mean number of events per year in the eastern interior, while lower decreases were evident in the west (Fig. 11(b) ). The largest decrease in the mean number of flood occurrences (−32.6 to −24.35%) was in the eastern interior region of the island and the lowest (−16.1 to −11.9%) was in the western region ( Fig. 11(c) ). Again, the stations located in the watersheds in the central region of the island tend to exhibit a higher variability in the mean number of flood occurrences in a year when TCs are removed from the series. This pattern is consistent with that exhibited by the scale and location parameters, and could be due to the fact that rainfall associated with TCs tends to exhibit high variability in the central region of the island (Hernández Ayala and Matyas 2017). The station in the Rio Gurabo, in the eastern interior of the island, exhibits the largest percentage change reduction (-32.6%), with a mean number of flood occurrences starting at 2.24 when TCs are present and decreasing to 1.51 when they are removed from the series. The lowest percentage reduction was in Rio Culebrinas near Moca, which ranged from 2.85 when TCs were present in the series to 2.51 when they were removed. The lambda values of the transformed GEV parameters show that one can expect a higher number of flood events (1.84-2.85) associated with TCs over a given year in the eastern interior and the central region of the island, and a lower number in the west. The stations in the smaller watersheds in the northeastern region of the island exhibit lower reductions in lambda when compared to those in the eastern interior and central mountains region, yet they exhibit larger reductions when compared to the stations farther west.
Return period (10-and 20-year) estimates were calculated from the GEV parameters for each of the stations in order to examine the magnitude of a flood event (99th percentile) and the likelihood of its occurrence over a given period when floods associated with TCs are present and when they are removed from the series (Figs 12 and 13 ). For 10-year return periods when floods associated with TCs are present in the series, high values (361-874 m 3 /s) were recorded at stations located in the eastern interior, central and western interior regions of the island (Fig. 12(a) ). When TCs are remove from the series there is a reduction in the 10-year return period in all of the stations in the island, yet the sites in watersheds that extend into the eastern interior, central and western interior regions of the island exhibit the largest decrease ( Fig. 12(b) ). The stations with the largest decrease in 10-year return periods were Rio La Planta near Toa Alta (eastern interior) and Rio Grande de Añasco (western interior), both exhibiting a percentage decrease of more than 40% when TCs are removed from the series.
Similar results are found for the 20-year return period, with some stations in the eastern interior, central and western interior regions of the island exhibiting the largest decreases when TCs are removed from the series (Fig. 13(a), (b) ). Again, the stations at Rio de La Plata and Rio Grande de Añasco exhibit the larger percentage change decreases (-45%); other stations within watersheds in the central mountains region also exhibited reductions of −40.6 to −33.7% (Fig. 13  (c) ). The 10-and 20-year return period patterns for Puerto Rico are similar to those exhibited by the GEV shape parameter, in which the largest changes were also detected in watersheds that extend toward the eastern interior, central and western interior regions.
Floods and tropical cyclone rainfall
Recent findings by Hernández Ayala and Matyas (2016) suggest that tropical cyclone rainfall variability over Puerto Rico tends to be associated with changes in the storms' centre distance to land and the surrounding moisture environments. They found that TCs that come within 230 km of the island's coast and are embedded in moisture environments of total columnar precipitable water of 44.5 mm or more tend to be associated with mean tropical cyclone rainfall values of more than 50 mm for the entire island, with that value being considered an extreme event of precipitation over the daily basis (Jury and Sanchez 2009) . When examining the individual daily (Table 3) coincide with those of Hernández Ayala and Matyas (2016). The TCs responsible for most of the individual flood peaks were Klaus (1984) , followed by David (1979 ), Jeanne (2004 and Isabel (1985) .
The top 15 individual flood-producing TCs had a mean tropical cyclone rainfall value of 147 mm for the entire island and on average their circulation centres came within 85.84 km of the island's coast at their closest approach, with moisture environments averaging 48.64 mm. These findings suggest that the TCs associated with the largest number of individual flood peaks over Puerto Rico produce significant rainfall over the island, since their circulation centres associated with intense convection and thunderstorm activity were relatively close to land and embedded in highmoisture environments. It is important to note that eight of the 15 top flood-producing TCs were tropical depressions or tropical storms when they impacted the island, so the intensity of the storm does not necessarily translate into more floods. By observing the tracks of the 51 TCs that were associated with at least one flood over the island, it is evident that the storms that were closer to land caused a higher number of flood peaks than those farther away (Fig. 14) . These closer TCs, which included hurricanes Hugo (1989 ), Hortense (1996 and Georges (1998), and tropical storms Klaus (1984) and Jeanne (2004) , were also embedded in highmoisture environments exceeding 49.5 mm. The rainfall associated with the passage of the top 15 flood-producing TCs explains the spatial distribution of floods that resulted when mapping the percentage changes in the location, scale and shape parameters between the entire series and the series without TCs. Averaging the rainfall associated with those TCs reveals a clear pattern of the spatial distribution of TC precipitation over Puerto Rico (Fig. 15) . The southeast and central regions are identified as the areas of the island in which tropical cyclone rainfall tends to be highly concentrated, with mean values ranging from 155.8 to 241.4 mm (Fig. 15(c) ). These results coincide with the findings of a recent study by Hernández Ayala and Matyas (2017) which found that rainfall from TCs tends to be concentrated in the southeastern interior and central mountains regions of Puerto Rico. These are the areas where TCs had the strongest influence on the statistical properties of floods, which were identified by comparing the GEV parameters, location, scale and shape, for the entire series and the series without TCs. As we move to the west, rainfall associated with the passage of those top flood-producing TCs tends to decrease until it reaches a minimum in the western region of the island. This spatial pattern of rainfall also explains the weak effect that TCs have on flood distribution in the western region of the island, which simply means that rain associated with the passage of TCs is not the main force behind the largest flood peaks in that region (Fig. 15(c) ). Standard deviation (SD) and coefficient of variation (CV) maps were also generated to examine the variability of rainfall associated with those top flood-producing TCs (Fig. 15(a) and (b) ). The SD of mean rainfall associated with TCs tends to be higher in the south and central regions of the island, while the CV exhibits higher percentages of variability in much of the western, central and southern parts of the island. This high variability in rainfall also explains the behaviour of the mean daily discharge in stations in the central and western interior of the island, which shows that TCs do not control many floods (99th percentile) in that area when compared to the eastern interior. However, some of the most extreme floods in the central and western interior regions have been associated with the passage of TCs.
Conclusions
This study focused on examining the relationship between extreme flood events over Puerto Rico and tropical cyclones. Mean daily discharge data for 12 stations with 41 years of observation for the time period 1970-2010 were selected to study the relationship. Floods were defined using a statistical approach, with the 99th percentile chosen to extract all of the extreme flood peaks in all of the 12 series. All tropical cyclones that passed within 500 km of the island's coast were considered in this study, resulting in 86 storms. A flood event was associated with a tropical cyclone if the peak was observed two days before or seven days after the day of closest approach to land. An extreme value analysis (EVA) point process approach was chosen to model the statistical properties of the flood distribution of the different series by identifying changes in the GEV parameters location (central tendency or mean), scale (variance) and shape (skewness) which resulted from the model. The point process model was applied to the entire series of extreme flood peaks and the series without TCs. This was done to examine if there were any changes in the GEV parameters when TCs were removed from the data.
Of the 86 TCs identified in this study, only 51 produced at least one flood event (99th percentile) over Puerto Rico in the 1970-2010 period. Tropical cyclones tend to produce the highest count of individual flood peaks (>30%) in the eastern interior region of the island, while a general decrease in the percentage is observed as we move to the western region. The GEV parameters that resulted from the point process model of the entire series were compared to the results obtained when TCs were removed from the series. The location exhibits a decrease in all of the sites, yet decreases in the eastern interior are larger than those in the west and central areas of the island. This suggests that TCs tend to have a stronger effect on the central tendency of the flood peak distribution in stations in the eastern interior region of the island. When the scale (variability) of both series is compared, the central and western interior regions of the island exhibit the largest reduction in the parameter when TCs are removed from the series. This is due to the fact that rainfall associated with TCs tends to have a higher variability in the central and western regions of the island. The shape parameter, which has been used in previous studies to examine the upper tail behaviour of the flood distribution, was also found to change when TCs were removed from the series. The stations in the central and western interior regions of the island tend to have larger shape values when TCs are included in the series, while stations in the east tend to have a lower value of the shape parameter. The lower shape parameter values for the stations in the east might be due to the fact that tropical cyclone rainfall for top flood-producing TCs has a lower variance in that region, when compared to the TC rainfall variability of the central and western interior regions of the island.
The results from the GEV lambda values show that when floods associated with TCs are removed from the series there is a large reduction in the mean number of flood occurrences over a year in the eastern interior region of the island, while smaller decreases are evident in the west. The 10-and 20-year return period patterns for Puerto Rico are similar to those exhibited by the shape and scale parameters, in which the largest changes were also detected in watersheds that extend toward the eastern interior, central and western interior regions. The TCs that were responsible for many of the individual flood peaks had mean rainfall values of 147 mm for the whole island, were located at an average distance of 85.84 km from the island's coast and were embedded in moisture environments with an average columnar precipitable water value of 48.6 mm. Hurricanes Hugo (1989) , Hortense (1996) and Georges (1998), and tropical storms and depressions Eloise (1975) , Klaus (1984) and Isabel (1985) were among the TCs closer to land that were embedded in high-moisture environments and produced a high number of individual flood peaks at the 99th percentile threshold. The spatial distribution of rainfall associated with the top individual flood-producing TCs exhibits a high concentration of precipitation in the eastern interior and central mountains region of the island, while a general decrease in rain is evident toward the west.
